The present study investigates the question of whether increases in CBF induced by hypercapnia in awake rats are accompanied by increases in the number of perfused capillaries. For the detection of perfused cap illaries, gamma-globulin-coupled fluorescein isothiocy an ate was injected intravenously. In 10 brain structures the density of perfused capillaries per square millimeter was determined from coronal sections using a highly sen sitive fluorescent microscopical method that, in contrast to others, avoided air drying of the frozen brain sections.
When the number of perfused capillaries was counted in several brain structures, it was found by our group to be closely correlated with the local glucose utilization and, in addition, with the local blood flow of these structures (Klein et aI., 1986) . In this study, the perfused capillaries were marked by intravascular fluorescent dyes that were detected by fluorescence microscopy (Vetterlein et aI., 1982) . Although these studies have shown the inter relationship between the density of perfused capil laries and local glucose utilization as well as local blood flow in the brain, they leave open the ques tion of a recruitment of capillaries under conditions of a high blood flow. The present study therefore had the aim of testing if drastic increases in CBF induced by CO2 are accompanied by increases in the number of perfused capillaries. This study was performed in awake rats to avoid an influence of anesthesia on capillary perfusion. The results of such investigations are critically dependent on the method used to mark the perfused capillaries. Therefore, several additional studies were per formed to verify the applicability of the fluores cence method as used in the present and the previ ous (Klein et aI., 1986 ) study. In one series of ex periments, the effect of the fluorescent dye fluorescein isothiocyanate (FITC)-globulin on CBF was tested; in another series, the densities of per fused capillaries were compared when FITC was coupled to globulin, as in the present study, or to dextran, as in the studies of Weiss and co-workers (Weiss et al. , 1982; Buchweitz and Weiss, 1986; Francois-Dainville et al. , 1986; Grover et al. , 1986) ; in a third series of experiments, the question of whether the anesthesia, which preceded all experi ments (for putting in the catheters), could have in fluenced the results of the capillary density mea surements was investigated. To this end, FITC globulin was injected into naive, untreated control rats by a tail vein and the density of perfused cap illaries was measured. The results show the validity of the method used and a continuous perfusion of most if not all capillaries during normocapnia as well as hypercapnia.
METHODS
The experiments were performed on 52 male Sprague Dawley rats weighing between 250 and 400 g. The animals were anesthetized by a gas mixture of halothane (1-1.5%), NzO (70-80%), and Oz (remainder). Body temper ature was maintained at 37-37.5°C with the use of a tem perature-controlled heating pad. The arterial blood pres sure was measured in the right femoral artery by a Statham pressure transducer. Substances were applied via a catheter in the right femoral vein. After surgery, the animals were placed in a rat restrainer (Braintree Scien tific, Braintree, MA, U.S.A.). Three hours was allowed for recovery from the effects of anesthesia. Then, either the coupled fluorescent dye was injected for staining of perfused capillaries or [14C]iodoantipyrine was infused to measure regional CBF. To identify the perfused capillar ies, the fluorochromes FITC (Merck) bound to bovine gamma-globulin (av. mol. wt. 169,000; Sigma) and FITC dextran Cav. mol. wt. 70,000; Sigma) were used. The cou pling of FITC to globulin was performed as described previously (Klein et aI., 1986) . FITC-globulin was applied as a 2% solution in phosphate-buffered saline (Klein et aI., 1986) . Anesthesia was not induced in the experimen tal group in which the fluorescent marker was given by tail vein injection.
Experimental procedures
In a control group of eight conscious rats, FITC globulin (0.3 ml/l00 g body wt.) was applied via the fem oral vein and allowed to circulate for 1 min. In four ad ditional conscious rats, FITC-dextran (100 mg/kg dis solved in 1 ml of saline) was used in the same manner. After decapitation the brain was rapidly removed, frozen in 2-methylbutane chilled to -40 to -50°C with dry ice, and stored in plastic bags at -70°C. The brain was em bedded (M-1 Embedding Matrix; Lipshaw, Detroit, MI, U.S.A.) and directly cut into 5-lJ.-m coronal sections in a cryomicrotome (Jung, Nussloch, F.R.G.) at -21°C. The sections were transferred to slides coated with pure alco hol and precooled in liquid nitrogen as described by Vet terlein et al. (1982) . The preparations were kept at -21°C until the alcohol had thawed and impregnated the tissue.
The sections were floated with alcohol at room tempera ture and embedded in an artificial medium (Entellan neu; Merck).
Another 10 awake rats were allowed to breathe a water vapor-saturated gas mixture containing 6.3-8.3% COz, 21 % Oz, rest Nz for 15 min. This treatment resulted in a marked, noncompensated respiratory acidosis, as was ev ident from the arterial acid-base status (A VL gas check 939). FITC-globulin was given intravenously 1 min before the end of the experiment as a bolus injection. The brains were processed as described above for the control exper iments.
To exclude an influence of the preceding anesthesia on the observed results of perfused capillaries, four addi tional rats received no pretreatment of anesthesia. They received FITC-globulin (0.3 ml/IOO g body wt.) via a tail vein after the tail was exposed to warm water for 5 min. One minute after injection of the dye, the animals were decapitated and the brains processed as described above for the control experiments. In these animals blood pres sure and acid-base status could not be determined.
Measurement of density of perfused capillaries
The prepared sections were observed by fluorescent microscopy (Zeiss IV FL condenser) in incidental light using a high-pressure mercury lamp (HBO 50; Zeiss) as a light source. The vessels containing FITC could be visu alized by use of a 450-to 490-nm primary filter, a 51O-nm dichroic interference mirror, and a 520-nm secondary fil ter. The brain sections were inspected and photographed using a x40 objective (Plan-Neofluar Imm.) and a x 10 eyepiece, a camera (Contax 139 quartz), and Ektachrome 400 ASA film. The exposure time was 4-6 s. Measure ments were taken from a projection of the positives on a transparent glass screen of 23 x 15 cm using a slide pro jector. For each brain structure investigated, the number of clearly visible vessel sections was counted from -20 photographs taken from 7-10 brain sections and calcu lated for an area of 1 mm z . Each photograph permitted the analysis of an area of 0.08 mm z per brain section. The minimum area analyzed for each brain structure in each animal was 1.5 mm 2 • Vessel sections with a diameter of ?12 IJ.-m were not counted. When only vessels with a diameter of �8 IJ.-m were counted, the average values of capillary density obtained were 5.1% lower. This indi cates that the size limit was not critical for the measured values. Because of the nondirected arrangement of the brain capillaries [for references see Klein et al. (1986) ], capillaries were cut in all directions. In cases of trans verse cutting resulting in an oval capillary shape, we used the ratio of maximum versus minimum diameter to apply the 12-lJ.-m threshold criterion: If the ratio was smaller than 1.5, we took the larger diameter; if it was larger than 1.5, we took the smaller diameter.
Measurement of local CBF
Method. In 26 rats local CBF (LCBF) was measured according to the method described by Sakurada et al. (1978) . Fifty microcuries of 4-iodo-N-methyl-e 4C]anti pyrine (specific activity 54 mCilmmol; Amersham) in 1 ml of saline was continuously infused at a progressively in creasing infusion rate for a period of 1 min. The progres sively increasing infusion rate was a modification of the method described earlier by Sakurada et al. (1978) . It was chosen to minimize equilibration of rapidly perfused tis sues with arterial blood during the period of measure-ment. During the I-min infusion period, 14-20 timed blood samples were collected in drops from the free flowing arterial catheter directly onto filter paper disks 0.3 cm in diameter) that had previously been placed in small plastic beakers and weighed. The samples were weighed and the radioactivity estimated with a liquid scintillation counter (Packard Tri-Carb 4000 series) after extraction of the radioactive compound with ethanol. Af ter the I-min infusion and sampling period, the animal was decapitated and the brain was removed as quickly as possible and frozen as described above. The frozen brains were coated with chilled embedding medium, stored at -70°C in plastic bags, sectioned into 20-l-Lm sections at -21°C in a cryostat, and autoradiographed along with precalibrated ['4C]methylmethacrylate standards. Local tissue concentrations of 14C were determined from the autoradiographs by densitometric analysis with a densi tometer equipped with a 0.2-mm aperture (Parry DT1105 R; Newbury). Local rates of CBF were calculated from the local concentrations of 14C and the time course of the blood iodo-['4C]antipyrine concentrations, including cor rections for the lag and washout in the arterial catheter. Washout correction rate constant was 100 min -I. The brain-blood partition coefficient was found to be 0.9 in our strain of rats. Therefore, this value was used for the calculations of LCBF.
Protocol of LCBF experiments. The effect of intrave nous injection of FITC-globulin on LCBF was tested by comparing the LCBF values of a control group of six rats with those of a group of five rats that had received an intravenous infusion of FITC-globulin (0.3 ml/loo g body wt.) 5 min before the start of the infusion of [14C]iodo antipyrine.
The effect of changes in the arterial Pco 2 on LCBF was investigated in an additional 15 rats, 9 of which were ex posed to a water vapor-saturated gas mixture containing 6.3--8. 3%C02, 21% 02' rest N 2 for 15 min.
Statistics
The values of capillary density were compared sepa rately for each brain structure using the Student's t test.
The following treatments were compared: (a) FITC globulin group; (b) FITC-dextran group, (c) FITC globulin injected via tail vein. When repeated tests were performed on the same treatment, the critical t values were corrected according to Bonferroni (Wallenstein et aI., 1980) . The values obtained for LCBF in the different brain structures before and after injection of FITC globulin were analyzed using an analysis of variance fol lowed by the Tukey test. Linear regression lines were calculated for the dependencies of LCBF or density of perfused capillaries on arterial Pco 2 using the method of least squares. The regression coefficients were tested for differences from zero by Student's t test. The level of significance was set at p < 0.05.
RESULTS

General parameters
In the normocapnic control groups (29 rats), the overall arterial pH was 7.40 ± 0.02, arterial Pco2 was 41.8 ± 2.7 mm Hg, P02 was 90.4 ± 4.2 mm Hg, base excess was 0.7 ± 1.7 mmol/L, and mean arte rial blood pressure was 124 ± 8.6 mm Hg. In the hypercapnic groups (19 rats), the corresponding values were pH 7.27 ± 0.05, Pco2 62.8 ± 8.3 mm Hg, P02 119.5 ± 6.0 mm Hg, base excess -0.5 ± 2.6 mmollL, and blood pressure 121 ± 10.2 mm Hg (x ± SD).
Effect of intravenous FITC on LCBF LCBF was measured in 31 different structures of the brain. The intravenous injection of FITC globulin 5 min before the onset of the actual mea surement of blood flow did not influence the blood flow in any of the structures investigated except for two. The differences in these two structures are not considered to be important, since comparison of the average values of LCBF (as given in Table 1 , last line) did not reveal significant differences.
Comparison of FITC-globulin, FITC-dextran, and tail vein injection in their effects on capillary countings Figure 1 shows the local densities of perfused capillaries in the 10 brain structures investigated. For each brain structure, three methods of applica tion were compared: injection of FITC-globulin and injection of FITC-dextran, both into a femoral vein, and injection of FITC-globulin into a tail vein of naive rats with no catheters implanted. There was no statistical difference (p < 0.05) between the three respective values of density of perfused cap illaries in any of the structures tested. The identiy of the FITC-globulin and FITC-dextran values shows that both markers of perfused capillaries are inter changeable and can equally be used for the detec tion of perfused capillaries; the identity of these re sults with those obtained after tail vein injection demonstrates that the pretreatment of the animals with a transient N20-halothane anesthesia (for put ting in the catheters) did not influence the results of the quantification of the density of perfused capil laries.
Density of perfused capillaries and CBF during hypercapnia
The dependence of CBF and density of perfused capillaries on the arterial Pco2 is shown in Figs. 2 and 3. Figure 2 gives the mean values of CBF and density of perfused capillaries obtained from the mean of the local values found in each rat. Each point thus represents the mean value of one rat. In contrast to these global values, Fig. 3 gives the mea sured local values of blood flow and density of per fused capillaries as obtained from three brain struc tures, i.e., inferior colliculus, visual cortex, and genu of corpus callosum. The upper parts of Figs. 2 and 3 show that hypercapnia induces the expected increases in CBF, whereas the lower parts demon- 66.9 ± 4.1 1\5.1 ± 7.1 113.1 ± 6.7 93.0 ± 6.5 strate that these increases in CBF were not paral leled by increases in the density of perfused capil laries. The correlation coefficients obtained for the correlations between arterial Peo2 values and CBFs were all significantly different from zero, indicating a dependency of both global and local CBFs on ar terial Peo2• In contrast, the respective correlation coefficients for the correlation between arterial Peo2 values and densities of perfused capillaries were not significantly different from zero, indicat ing a lack of dependency of the both global and local densities of perfused capillaries on arterial Peo2• It follows that in spite of a strong hypercapnic hy peremia, there is no recruitment of perfused capil laries in the rat brain.
for capillary recruitment is the existence of reserve capillaries that are not or only intermittently per fused during conditions of normal flow. Our previ ous and the present experiments give no indication of the existence of reserve capillaries in the rat brain. The density of perfused capillaries was the same when the circulation times of the fluorescent marker varied from lOs to 30 min (Klein et al., 1986) . These previous findings of our group give already a strong indication that all or most capillar ies are permanently perfused in the brain. The present experiments support this conclusion since no reserve capillaries could be found that were per fused during hypercapnic hyperemia only.
Our results are in accordance with conclusions drawn from experiments in rhesus monkeys dur ing hyper-and hypocapnia (Eichling et aI., 1974; Raichle et al., 1976) , in which isotope extractions varied inversely and linearly with flow, which is congruent with a constant permeability-surface area product under these conditions. With a signif icant amount of capillary recruitment, permeability-
DISCUSSION
The present study shows the lack of capillary re cruitment during hypercapnia, which is a typical high-flow situation. The issue of capillary recruit ment is controversial for the brain. A prerequisite surface area product should change in parallel. On the other hand, capillary recruitment in the brain has also been reported. It was based on studies of extraction fractions (Phelps et aI., 1981; Pardridge and Fierer, 1985) , use of indicator dilution tech niques (Bolwig et aI., 1977; Hertz and Paulson, 1982) , and fluorescent microscopical studies (Buch weitz and Weiss, 1986; Francois-Dainville et aI., 1986; Grover et aI., 1986; Weiss, 1988) . As dis cussed below, the fluorescent microscopical studies of Weiss and co-workers may not have been sensi tive enough to detect all perfused capillaries, since air drying of the tissue leads to a loss of fluorescent spots. Concerning the measurements of permeabil ity-surface area product, such studies may allow conclusions about capillary recruitment only as long as the permeability is unchanged. This may not be the case for all experimental conditions. For the pathophysiological condition of streptozotocin induced diabetes, Moos Knudsen et aI. (1986) could show that the permeability-surface area product was decreased for Na + but unchanged for sucrose and CI-. These data can be interpreted to indicate a decrease in permeability for Na + at an unchanged surface area, as indicated by the unaltered perme ability-surface area product for sucrose and Cl-. This unchanged surface area would point to an un changed capillary perfusion. Whether changes in permeability with an unchanged capillary surface area occur under more physiologial conditions re mains to be established. Weiss and co-workers (Weiss et aI., 1982; Buch weitz and Weiss, 1986; Francois-Dainville et aI., 1986; Grover et aI., 1986; Weiss, 1988) have also used fluorescent intravascular markers to record the perfused capillaries and compared the counts with those of alkaline phosphatase staining in the rat brain. From a comparison of alkaline phos phatase and fluorescent staining in the same brain section, these authors concluded that roughly half of all capillaries are perfused in the brain at a certain time, whereas our data argue for a continuous per fusion of most if not all capillaries in the brain. This discrepancy with our results can be explained by a lower sensitivity of their method employed to de tect fluorescent spots. They used a halogen light source to excite fluorescence and the brain sections were air dried before fluorescence counting. When we compared this method-employed exactly as it was used by Weiss et al. (1982) -with our method (mercury lamp, alcohol fixation in the cold, embed ding), we found that the procedures of Weiss and group result in a considerably less sensitive fluores cent staining, which leads to fewer fluorescent counts. It is therefore reasonable to assume that capillaries with a low perfusion rate and less marked filling with fluorescent label are missed by the method of Weiss et al., whereas the fluorescent method, as used in the present study, is highly sen sitive to detect even moderately perfused capillar ies. These differences are also evident from a com parison of the densities of perfused capillaries as reported by Weiss and group with those found in the present study. Such a comparison is limited by the fact that the brain areas investigated are not identical in the studies to be compared. Weiss and group report values for the counts of perfused cap illaries per square millimeter of 131 (Weiss et aI., 1982) and 206 (Francois-Dainville et aI., 1986), J Cereb Blood Flow Metab, Vol. 9, No.4, 1989 whereas the mean value obtained from our work is 340.
Although the present method does not allow one to detect the extent of perfusion of each single cap illary, the perfusion rate of all capillaries is high enough to obtain the maximal capillary count al ready 10 s after intravenous injection, as has been verified in a previous study (Klein et al., 1986) . This capillary count is not increased during hypercapnic hyperemia of the brain, which is demonstrated by the present results. Our conclusion of a continuous perfusion of most capillaries in the brain is in ac cordance with data of Pawlik et al. (1981) obtained from the exposed cortex of anesthetized cats. They found 90% of all capillaries continuously perfused. Similarly, Collins et al. (1987) have claimed that >84% of all brain capillaries are normally perfused. This conclusion was based on staining of the vas cular contents by black ink and marking of the cap illary walls by the alkaline phosphatase method. On the other hand, our finding cannot be completely matched with the results of Tyson et al. (1987) . From a comparison of autoradiographically mea- All three correlation coefficients of these relationships were not significantly different from zero. sured red cell volume, plasma volume, and light micrographical capillary volume, these authors came to the conclusion that, in different brain struc tures, between 35 and 100% of all existing capillar ies are perfused within 2-5 min, depending on the structure investigated. It is difficult to completely reconcile these conclusions with those of other groups including ours. The experiments require a number of complicated calibrating and multiple la beling procedures. Congruently with our data, they give no indication of a changing capillary perfusion.
Such a conclusion of a continuous capillary per fusion may not be in accordance with microcircula tory findings obtained from other organs. Arteriolar vasomotion has been observed in the tenuissimus muscle of the anesthetized rabbit (Slaaf et aI., 1987) and in the skin fold of the awake hamster (Funk et aI., 1983) , with the implication that vasomotion modified capillary flow to the extent of intermittent capillary perfusion. On the basis of the present study, the extent to which such data can be trans ferred to the brain circulation remains open. In the study of Funk et al. (1983) , vasomotion could be observed in arteries as large as 40-100 J-Lm in diam eter. In the anesthetized cat and rat, we have very rarely observed vasomotion in pial vessels of the same size as long as physiological conditions were maintained. However, even if there exists vasomo tion of arterioles in the brain of the awake rat, we can conclude from the data of the present and the previous (Klein et al., 1986 ) studies that vasomotion is not sufficient to induce a complete stop of capil lary perfusion for more than a few seconds. With a continuous basal flow rate existing in all capillaries, vasomotion may not lead to an arrest of capillary perfusion, but may rather increase or decrease the perfusion rate of single capillaries by affecting the flow velocity.
How can a continuous perfusion of all capillaries during normo-and hypercapnia be matched with the large differences in blood flow measured under both conditions? There is no doubt that the extent of capillary perfusion cannot be detected by the in travascular fluorescent method as used in the present study. However, studies of Kobari et al. (1985) have shown that, under control conditions, the perfusion pattern of brain capillaries is rather inhomogeneous, whereas CO2 inhalation is fol lowed by a more homogeneous capillary perfusion. Such a mechanism, which does not appear to be unique for the brain, would completely fit the present data.
The present study demonstrates a lack of capil lary recruitment during hypercapnia, although CBF was markedly increased. These data do not com-J Cereb Blood Flow Metab, Vol. 9, No.4, 1989 pletely rule out the existence of capillary recruit ment during alternative states of hyperemia in the brain, like hypoxia or brain activation; however, this appears unlikely. Capillary recruitment does not appear to be the main mechanism that mediates hyperemia in the brain. 
